To meet the conditions of diesel ignition, this paper presents several structural improvements of a small missile turbojet engine for diesel fuel. The engine starts motor-assisted, and its fuel is ignited by silicon nitride ceramic ignitor. Theoretical analysis is performed by establishing a mathematical model of the combustion model and combustion conditions. The feasibility of diesel used as a small turbojet fuel is analyzed by using numerical simulation software. Research is carried out based on the following points: the improvement of combustion chamber and evaporator, selection of ignitor position and sustainability of fire. This paper proposed the method of linking the engine-assisting startup system and selected the right type of ignitor, and on the advanced experimental platform several groups ignition tests were carried out.
INTRODUCTION
The performance of turbojet is based on several key factors, in which most important are continuous fuel supplying and rapidly reliable ignition. These key factors can make the turbojet start rapidly and fuel burn reliably, thus the turbojet will go to the idle rating state. It is very significant to study the fuel and ignition modes of turbojet, especially for small turbojet which works in a state of low thrust and long distance cruise.
Following methods are some usual ways which are used in the normal ignition of small missile turbojet, such as wind milling starting, powder starting, and compressed air starting. If wind milling method is taken as an instance, high-speed airflow drives the rotor to start engine before fuel supply system supplying continuous fuel [1, 2] . Since this starting method requires the engine rotating in a high speed, this method is generally used in the circumstances in which the turbojets are lunched by booster, or carried by aircraft directly. In other word, this method is proper for the state when turbojets are in high speed. Therefore, the application of this method is not wide enough. As for the powder starting method, ignition completes by the powder ignitor installed in the micro nozzle, which can produce high temperature and high pressure gas to drive the turbine blade. At present, powder starting method is the most reliable and rapid starting method of micro turbojet. However, the powder ignitor is one-off luxury product and it is hard to recovery or maintain, which is not a choice for acting on the idea of sustainable development [3] . Compressed air starting method uses compressed air produced by low-pressure air compressor to push engine compressor blades to drive the engine rotor run. This starting method is usually used in ground test. Although the compressed air provides adequate air for ignition [4] , the ignition power is much lower than the powder ignition providing, which leads to a much longer start-up. Obviously, it is not suitable for occasions where ignition has to be completed instantly.
Different starting-ignition methods have different requirements for fuel. The stringent demand for fuel and the series of problems caused by the fuel demand have become the obstacle in popularizing and applying a small turbojet, especially for the application of military filled such as missile turbojet. In this paper, the starting and ignition method of a small missile turbojet for diesel fuel is studied, and a new ignition method is proposed, which combines the large power high speed motor and the silicon nitride ceramic ignitor.
MOTOR-ASSISTED IGNITION SYSTEM
The rapid development of integrated circuits and small high-speed motors has made it possible for motors to start turbojet engines. This starting method uses the motor to drive the engine rotor and stabilize at a certain speed. The starting motor connects the engine rotor by the clutch, and once the rotor gets the given speed both of them will be separated. Due to the military application background of these small turbojet engines, the related public reports are extremely rare. According to a small amount of information disclosed at present, the TJ-50-12 engine used by the US LOCCAS missile [5] and the TJ-30 engine mounted by the LAM loitering missile [6] [7] both use motor-assisted ignition system, thus they can be launched in the air. The TJ-50-12 engine and the LAM loitering missile are shown in Fig. 1 and Fig. 2 .
The shafting lubrication system of a turbojet engine is often designed as oil mist lubrication. The lubricity of diesel fuel is higher than that of aviation kerosene [8, 9] . Compared with aviation kerosene, diesel fuel has the characteristics of low price, less affected by lubricating oil and stable combustion. However, its evaporation, atomization, carbon deposition are not as good as aviation kerosene's. The ignition system of diesel engine fueled with diesel fuel should also be improved and adjusted accordingly. The basic performance required in the fuel injection engine is shown in Tab. 1 [10] [11] [12] . In order to improve the performance of the No. 0 diesel and to make it closer to the above requirements, additives can be added to the fuel. This paper uses several groups of additives to improve the ignition and combustion performance of diesel fuel.
According to the characteristics of diesel fuel, some researchers proposed a way to ignite diesel fuel by using propane ignition, which makes the ignition system more complex rather than conducive to the engine miniaturization and lightweight. The diesel engine can be directly supplied with diesel oil to start ignition, and the fuel switching section and the series of devices generated there may be omitted. From the ignition conditions, it is important to redesign the combustion chamber, the evaporator and select the location of ignitor accurately.
Ignition Conditions
When the engine starts fire, the local high temperature of ignitor causes the surrounding fuel to burn and changes the temperature distribution in the combustion chamber. Then the flame fills the combustion chamber, causing the combustion chamber temperature to exceed the original temperature of the ignitor itself, thus to form a sustained fire [13, 14] .
It is generally believed that the minimum ignition energy can be expressed as follows:
Among them:
where: Q is quantity of heat change, T m is the temperature of the ignitor, T 0 is the temperature of the surrounding combustibles, Y ox is distribution of oxygen components, ρ is the density of the fuel gas, R is the constant of the molar gas, E is heat value, π is circumference ratio, λ is thermal conductivity of fuel gases, k 0 , k 1 are constants of reaction rate, C is the molar concentration of the fuel. In addition, Lefebvre proposed a more accurate formula of lean oil ignition, which can be used as the following empirical formula:
here, B is determined by the shape of the combustion zone and needs to be selected respectively [15] .
where Re Do is sauter average diameter equivalent to Reynolds number, ρ f is the density of the fuel, k g is the adiabatic constant of the gas, c pg is heat capacity of constant pressure gas, T 3 is the temperature at the inlet of the combustion chamber, p 3 is static pressure at the entrance of the combustion chamber, a m  is the flow of the jet hole, f pz is the distribution of airflow in the main combustion zone, V PZ is the volume of the main combustion zone, D o is sauter average diameter, H u is the enthalpy of unburned gas.
From the above theory, it can be seen that increasing the inlet pressure of the combustion chamber and the material concentration can make ignition easier. From the fuel point of view, ignition is affected by the fuel performance around the ignitor, and the liquid fuel requires additional energy to evaporate its particles. Obviously, the gas fuel is easier to be ignited comparing to the liquid fuel. Furthermore, maintaining the proper airflow temperature and velocity also makes ignition easier.
Combustion Model
The combustion process of diesel fuel can be regarded as turbulent diffusion combustion [16] . As mentioned above, the flame needs enough energy exchange to stabilize and spread easily [17] . The mixture ratio equation of the diesel vapor and air mixture is expressed as follows:
here, the variable m 1 is the mass of the diesel steam flow, and the variable m 2 is the mass of the air flow.
In condition of the same molecular diffusion rate of the diesel steam and the air, the transfer equation of the mixing ratio can be expressed by the following form:
where: t is time (it was a coordinate system), V is velocity, D R is molecular diffusion coefficient for air combustion mixture in a certain direction, P is air-fuel mixture density. In the Eq. (6), the two boundary conditions of the air fuel mixture ratio are: (1) the diesel vapor in the evaporator is 100%, (2) the diesel vapor in the air flow is 0. The combustion chamber evaporation tube near the flame shape can be shown as Fig. 4 . In this figure, we can see turbulent flame boundary with irregular shape, Rwt represents flame surface diesel vapor fraction, x represents normal direction at a boundary point of coordinate w, y and z represents tangential direction at a boundary point of the coordinate w, thus, the coordinate of flame boundary can be conversed by using partial differential equation chain rule, which is: The transfer equation of the composition F i and temperature T can be obtained by using the transformation of the Eq. (7):
where In this combustion model, combustion occurs and propagates according to the mixture ratio R. If the relevant parameters such as the pressure, enthalpy and heat capacity of the material are given, the diesel combustion process can be simulated based on the mixture ratio fraction equation.
The above theory can be used as the theoretical basis for further research.
Improvements in Combustion Chambers
Due to the limitation of structure, small-scale turbojet engine is impossible to use conventional atomizing device such as fuel atomizer, but atomizes and vaporizes fuel by means of an evaporating tube. Temperature plays an important role in fuel atomization and evaporation [18] ; selecting an ignitor to preheat the combustion chamber can improve the atomization efficiency of fuel. Therefore, improving the flow velocity distribution of the fuel flow field in the combustion chamber by modifying combustion chamber and evaporating tube can also improve the ignition performance. Fig. 4 is a combustion chamber structure of an aviation kerosene fuel micro turbojet engine. The end wall of the combustion chamber head is flat, and the evaporating pipe is straight. This short-ring combustion chamber design, with a small aspect ratio, is relatively suitable for new aviation fuels (Such as Number GB6537-94fuel). It is a more economical and practical design to ensure ignition and stable combustion. However, it is not suitable for diesel fuel. In this paper, we have made two improvements. As shown in Fig. 5 , change the flat end wall into an arc end wall to increase the combustion chamber space, so its ability to accommodate high-speed mixing area is increased. Another one is to change outlet of evaporating pipe into bell shape, in order to reduce the fuel vapor flow rate, and to change the direction of the fuel vapor flow. 
The Location of the Ignitor
The position of the ignitor has a great influence on the ignition. In general, the ignitor of a small turbojet engine is located at the end of the evaporating pipe. Previous researchers believe that the closer the ignitor to fuel vapors, the higher the reliability of ignition. As shown in Fig. 4 , this location of the ignitor is just location mentioned above, but the actual results are often unsatisfactory.
When it comes to a small turbojet engine with diesel fuel, it is difficult to achieve ignition immediately even after the combustion chamber and the vaporizer have been improved if the ignitor placed here, or the engine is barely able to approach ignition but takes too long time. It may waste much more power than needed and even exhaust the battery in the end.
In this paper, it is considered that not only the concentration of fuel gas is large, but also the mixture flow velocity is faster than turbulent flame propagation, which makes ignition difficult near the outlet of the evaporating tube. Although the head of the combustion chamber walls forms a protected area opposite wind, but the wire of ignitor cannot resist high temperature, otherwise the wire of ignitor will cause interference to chamber combustion flow field, thus it is very difficult to install it in this position.
In this paper, Fluent software is used to simulate the oil field and cold flow field at a certain rotational speed (about 10000 rpd/m). In order to simplify the calculation, the flow field in the casing of the combustion chamber is taken into account but neglects other insignificant factors, and only 1/4 combustion chambers are selected for calculation, as shown in Fig. 6 . The flow field contains two vaporizers, including one static turbine blade, one dynamic turbine blade, one tail nozzle, and one central vertebral body. The three-dimensional model of the flow field is shown in Fig.  7 . Several sections were selected from the calculated results for analysis. Fig. 8 shows the mass fraction cloud chart of the diesel steam in the circumferential section of the combustion chamber through vaporizer. The mass fraction of diesel vapor at the outlet of the vaporizer reaches 0.1, while the exit of the combustor decreases to 0.011. Fig. 9 is an oxygen mass fraction of cross section. It is clear that the oxygen mass fraction of the entire section is balanced well at about 0.2. Figure 9 A section of oxygen mass fraction Fig. 10 shows the mass fraction cloud chart of diesel vapor in the middle section of two vaporizers. The diesel vapor mass fraction situation is similar to that shown in Fig.  8 . However, near the inner casing, the diesel mass fraction is less compared to Fig. 8 . Fig. 11 shows the oxygen mass fraction of the section. The air distribution is very uniform because the air inlet is relatively more outside outer casing of the combustion chamber. The mass fraction of oxygen in the combustion chamber is about 0.2. If C 10 H 22 is taken as the diesel molecular formula for combustion calculation, it is possible to improve the reliability of ignition by selecting an appropriate region with reasonable air-fuel ratio and low flow velocity. To sum up, the simulation results show that the location of the ignitor should be in such a region that the circumferential direction is between the two vaporizers and the axial direction is in the middle of the combustion chamber.
According to Arrhenius's empirical formula, the Arrhenius activation energy of diesel steam in this area is smaller at the same temperature:
where K is constant of action, Ea is activation energy of Arrhenius, A is pre-exponential factor, R is the constant of the molar gas, and T is thermodynamic temperature.
In the same pre-exponential factor and temperature environment, the reaction rate constant increases due to smaller activation energy in the region, which leads to easier combustion of diesel fuel and oxygen.
SUSTAINABLE IGNITION
When the ignition operation is completed, the combustion must be sustained without ignitors producing high temperature required for combustion. Turbulence flames will be propagated in the combustion chamber and have to be spread throughout the combustion chamber to produce energy flow to the turbine, which drives the rotor to rotate at high speed.
By using fluent combustion simulation, we can get the temperature distribution in combustion chamber at an instant when combustion is steady. This paper selects several cross sections and longitudinal sections form simulation results. Fig. 13 is a temperature distribution of the circumferential cross section through the fuel tube. It can be seen that the highest temperature is not located at the outlet of vaporizer. The axial cross section at the outlet of vaporizer shown in Fig. 14 also shows this situation. Fig. 15 is a circumferential temperature distribution cloud chart between the two vaporizer's middle section, and the highest temperature region is in the middle of the combustion chamber. From the axial cross-section, as shown in Fig. 16 , the highest temperature basically fills the entire cross section. As mentioned earlier, an ignitor is installed in this area in this research. The simulation results show that the combustion after ignition can keep the rotor rotating about 62 rad/s, which equals to 23362 rpd/m idling rating. The flow rate of the combustion chamber and the tail nozzle at this time are shown in Fig. 17 . It can be seen that after the ignition of the slow state, high speed flow after combustion lashes against the stator turbine blades accompanied by air velocity increasing, then the flow rushes into the dynamic turbine blades with driving the rotor rotation. As we can see, velocity of flow leaving stator decreases, however it increases again when in the tail nozzle. The flow velocity at the end of the tail jet is about 90 m/s. 
STARTING MOTOR AND IGNITOR 4.1 High Speed Motors and Clutches
In order for the engine to make a reliable ignition, it is necessary to ensure that its rotor has been driven to selfsteady speed and that the inlet airflow of the compressor is in the ignition envelope [19] . In this paper, a clutch applicable for small turbojet engine is used to connect the starter motor to engine rotor. When the starting motor rotates faster than the engine rotor, the ring outside the clutch extends forward due to the characteristics of the cylindrical cam. When the extending ring touches the compressor lock nut of the engine rotor and goes on until pressing tightly, the engine rotor is driven steadily. The contact between the clutch and the engine rotor is not the simple contact, the clutch and engine rotator are connected by conical surface rather than plain surface, which can remarkably increase the starting torque of the clutch.
Because the engine rotor bearing is made from ceramic matrix composites, the rotor damping is small, and the clutch torque is enough to overcome the friction resistance and the internal resistance of the compressor shaft. After the ignition, the engine's idle speed is still higher than the starting speed of the motor so the clutch outside ring draws back due to motion characteristics of cylindrical cam and the clutch and rotor are separated in the end. Fig. 18 is a diagram of the connection between the engine rotor and the starting motor.
Figure 18 Clutch between engine rotor and starting motor
The small battery and the DC motor are selected to integrate the starter motor with the turbojet engine. In this paper, the maximum speed of high speed motor can reach 19000 rpm, and its performance parameters are shown in Tab. 2. 
The Choice of Ignitor
The ignition device studied in this paper has the ability to produce high temperature continuously. The device should not only guarantee high enough ignition temperature of the mixture of diesel steam and air, but also ensure that the diesel vapor particles flowing out of the evaporating pipe are small enough. The ceramic silicon nitride ignitor used in this paper is usually used in the ignition of high speed diesel engines and petroleum media. The ignitor has the advantages of small size, light weight, which can be inserted into the inner wall of the combustion chamber, and without occupying a larger space; high temperature stability and destruction in the combustion region is not broken; fast heating, low temperature start up performance is good and can guarantee the reliable ignition in cold environment. The silicon nitride matrix has good oxidation resistance and is convenient for long-term storage.
In order to demonstrate the advantages of the silicon nitride ceramic ignitor, this paper makes a brief comparison betwen metal ignitor and spark plug. The specific data are shown in Tab. 3. Fig. 19 is a physical diagram of the ignitor installation. As the engine shell and the combustion chamber wall both are thin-walled parts, which cannot be easily welded, so this article uses screws to fix these two parts. The assembly relationship of the engine casing and the combustion chamber is concentric circle, and the ignitor needs to go deep into the outer casing of the combustion chamber, so the length of the ignitor should not be too long to cause assembly difficulties. 
EXPERIMENT
The experiment was carried out in the laboratory as shown in Fig. 20 , As we can see, engine test thrust stand and control room are separated from explosion-proof glass, the whole system adopts more advanced data acquisition equipment, and can realize the on-line monitoring of data. Due to the experimental conditions and the cost limits, the tests of this study were carried out on the same engine and the same test platform. However, the engine has been fully cooled before starting the following test. Before ignition, the oil supply circuit has been cleaned by using No. 90 gasoline and dried, to eliminate the effect of the residual fuel in the previous test.
The connection mode of various equipment and sensors on the engine test thrust stand is shown in Fig. 21 . It can be seen from the diagram that there are three controllable factors affecting the ignition performance: the starting motor speed, the ignitor temperature and the fuel pump supply.
Figure 21 Test engine and its surrounding facilities
As mentioned earlier, the ignitor has a preheating function for the whole system, which requires the ignitor temperature should be in the highest state. We set the ignitor temperature of 1200 degrees, which is a constant value.
The controllable factors affecting the ignition performance become only two factors: the starting motor speed, and the fuel pump supply. It should be pointed out here, the starting time consuming in the following figure refers to the period between starting fuel pump and complete ignition; before starting fuel pump the ignitor must be fully preheated Fig. 22 shows the relationship between starting motor speed and starting time consuming under different fuel supply. As we can see, the lowest starting time consuming is 4.31 s when starting motor speed was 7000 r/n and fuel supply was 6 g/s. Fig. 22 shows the relationship between starting time and rotor speed under different fuel supply conditions at 7000 r/n starting motor speed; the rotor speed increases with the increase of fuel supply after successful ignition. However, the ignition time does not have such a rule. The minimum value of starting time consuming appears when the fuel supply is 6 g/s. As the fuel supply increases, the ignition time increases. We further examined the ignition reliability. The test results are shown in Tab. 4. It is known from the data in table 4 that this starting method has high reliability and the turbojet runs steadily after starting. It can be conjectured that the turbojet will run smoothly and steadily without cutting off the fuel.
After ignition, the rotor speed rises rapidly and exceeds the motor speed, causing the clutch separating with the end of rotor shaft. There was no accidental parking within 10min while the engine was in the idle state. 
CONCLUSIONS
In this paper, an ignition system suitable for diesel fuel, which uses motor assisted starting and a silicon nitride ceramic ignitor turbojet engine, has been studied in detail. The feasibility of diesel as a small turbojet fuel is analyzed from the improvement of combustion chamber and evaporator, selection of ignitor installing position and sustainability of fire. Finally, a number of groups of fuel ignition tests were carried out. Limited by the experimental conditions, the test is relatively simple, and idle time is short. And there is no acceleration, durability, high altitude performance, cold resistance ability and other assessment tests. These aspects need to be further studied.
